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Intracellular lysosomal membrane trafficking, including
fusion and fission, is crucial for cellular homeostasis and normal
cell function. Both fusion and fission of lysosomal membrane
are accompanied by lysosomal Ca2� release. We recently have
demonstrated that the lysosomal Ca2� release channel P2X4
regulates lysosome fusion through a calmodulin (CaM)-depen-
dent mechanism. However, the molecular mechanism underly-
ing lysosome fission remains uncertain. In this study, we report
that enlarged lysosomes/vacuoles induced by either vacuolin-1
or P2X4 activation are suppressed by up-regulating the lyso-
somal Ca2� release channel transient receptor potential muco-
lipin 1 (TRPML1) but not the lysosomal Na� release channel
two-pore channel 2 (TPC2). Activation of TRPML1 facilitated
the recovery of enlarged lysosomes/vacuoles. Moreover, the
effects of TRPML1 on lysosome/vacuole size regulation were
eliminated by Ca2� chelation, suggesting a requirement for
TRPML1-mediated Ca2� release. We further demonstrate that
the prototypical Ca2� sensor CaM is required for the regulation
of lysosome/vacuole size by TRPML1, suggesting that TRPML1
may promote lysosome fission by activating CaM. Given that
lysosome fission is implicated in both lysosome biogenesis and
reformation, our findings suggest that TRPML1 may function as
a key lysosomal Ca2� channel controlling both lysosome bio-
genesis and reformation.

Lysosomes constitutively undergo fusion and fission to
accomplish their functions (1, 2). As with the synaptic vesicle
fusion and fission with the plasma membrane, lysosome fusion
and fission with other membranes are also Ca2�-dependent
(3–11). It is believed that the lysosome itself (and/or other
organelles) is the major Ca2� source responsible for the fusion
and fission processes (7, 8). Our recent work suggested that

P2X4 functions as a lysosomal Ca2� channel that regulates lys-
osome fusion through a calmodulin (CaM)-dependent3 mecha-
nism (12). However, the molecular identity of the lysosomal Ca2�

release channel that regulates lysosomal fission remains elusive.
Transient receptor potential mucolipin 1 (TRPML1) (10,

13–15) belongs to the large family of transient receptor poten-
tial ion channels that permeates Ca2�, Na�, and other cations
(10, 15–28). Mutations in TRPML1 gene lead to mucolipidosis
type IV (ML4) disease, which is characterized with defects in
membrane trafficking in the late endocytic pathway (10, 29),
enlarged lysosomes (10, 29), and impaired lysosome biogenesis
(30 –32). Interestingly, cells deficient in phosphatidylinositol
3,5-bisphosphate (PI(3,5)P2), the lysosome-specific phosphoi-
nositide, also exhibit trafficking defects in the late endocytic
pathway and enlarged lysosomes (10, 14), and PI(3,5)P2 up-reg-
ulation promotes the fission of yeast vacuoles, the counterpart
of mammalian lysosomes (33, 34). Recently, we have shown that
TRPML1 is activated by PI(3,5)P2, and the enlarged vacuolar
phenotype observed in PI(3,5)P2-deficient mouse fibroblasts
is rescued by TRPML1 overexpression (14). These published
results suggest that TRPML1 may regulate lysosome mem-
brane fission by transducing information regarding PI(3,5)
P2 levels into changes in juxtaorganellar Ca2� levels.

To explore the mechanism of lysosome membrane fission,
we have attempted to directly detect fission events using live
imaging. Unfortunately, we failed to obtain convincing data to
present. Alternatively, we used the recovery of enlarged lyso-
somes as a readout of membrane fission. We found that the
enlargement of lysosomes induced by either vacuolin-1 or
P2X4 activation was suppressed by up-regulating TRPML1.
TRPML1 activation also facilitated the recovery of enlarged
lysosomes. The effect of TRPML1 activation on lysosome
recovery was eliminated by BAPTA-AM treatment, suggesting
a requirement of Ca2� release through TRPML1 for lysosome
fission. We also observed that loss of TRPML1 enlarged lyso-
somes and suppressed enlarged lysosome recovery. Further-
more, the enlarged lysosome recovery was strongly suppressed
by inhibiting the prototypical Ca2� sensor CaM but not the
other lysosomal Ca2� sensor protein, ALG-2 (apoptosis-linked
gene-2), suggesting that CaM acts as the Ca2� sensor regulating
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lysosomal membrane fission. Our studies suggest that TRPML1
may facilitate lysosomal membrane fission through a CaM-de-
pendent mechanism.

Results

Activation of TRPML1 inhibits lysosome vacuolation induced
by vacuolin-1

Because cells with deficiency in either TRPML1 or PI3,5P2,
the endogenous TRPML1 agonist, display enlarged lysosomes
(10, 14) and because PI3,5P2 has been associated with the fis-
sion of yeast vacuole, the counterpart of mammalian lysosome
(29, 33, 34), we hypothesized that TRPML1 may control lyso-
some fission. To test this, we first treated Cos1 cells with vacu-
olin-1, a chemical that enlarges lysosomes (15, 35). If TRPML1
promotes lysosome fission, we expect to see smaller lysosomes
in response to vacuolin-1 in cells expressing TRPML1 or
treated with the TRPML1 agonist, mucolipin synthetic agonist
1 (ML-SA1, 15 �M) (17, 36). In this study, we adopted Cos1 cell
as a model to study lysosome size because this cell is one of the
most commonly used mammalian cell lines possessing high
transfection efficiency and good morphology for imaging. Lys-
osome size was analyzed by counting the percentage of cells
containing at least three lysosomes larger than 4 �m in diame-
ter as described in published work (12). Indeed, TRPML1-GFP
or ML-SA1 significantly reduced the lysosome size induced by
vacuolin-1 (1 �M for 2 h) (Fig. 1, A–C). The percentage of cells
containing enlarged lysosomes induced by vacuolin-1 was
decreased from 74.67 � 5.69% in cells expressing Lamp1 (lyso-
somal-associated membrane protein 1)-GFP to 50.67 � 5.13%
in cells expressing TRPML1-GFP. Consistently, ML-SA1 sig-
nificantly decreased the percentage of Lamp1-GFP-expressing
cells with enlarged lysosomes (induced by vacuolin-1) to
33.67 � 10.60%. Co-application of TRPML1-GFP and ML-SA1
further decreased the percentage of cells with enlarged lyso-
somes to 7.67 � 3.51%. These data suggest that up-regulation of
TRPML1 prohibits lysosomes from enlargement.

Activation of TRPML1 promotes lysosome recovery from
enlarged vacuoles

To further examine the potential role of TRPML1 in lyso-
some membrane fission, we enlarged lysosomes with vacu-

olin-1 and then evaluated the recovery of lysosome after vacu-
olin-1 removal. A decrease in lysosome size through time
represents lysosome fission. As shown in Fig. 2 (A and E), in
cells expressing Lamp1-GFP, the percentage of cells with
enlarged lysosomes (�4 �m) was decreased from 72.67 � 6.03
to 51.00 � 1.03% after 1 h of recovery. This might be caused by
endogenous TRPML1 activity. ML-SA1 (15 �M) treatment dra-
matically increased the recovery speed, and the percentage of
cells with enlarged lysosomes was further reduced to 22.00 �
4.31% (Fig. 2, A, E, and F). This recovery of lysosome size is
Ca2�-dependent because BAPTA-AM (10 �M), a fast and
membrane-permeable Ca2� chelator, remarkably inhibited the
recovery (Fig. 2, B, E, and F).

Recombinant TRPML1-GFP also facilitated enlarged lyso-
some recovery after vacuolin-1 removal, compared with that of
cells expressing Lamp1-GFP. The percentage of TRPML1-
GFP-expressing cells with enlarged lysosomes was reduced
from 56.00 � 4.58 to 24.67 � 2.52% with 1 h of recovery, and
ML-SA1 treatment further reduced the percentage of cells with
enlarged lysosomes to 4.67 � 2.52% (Fig. 2, C, E, and F). The
facilitation of recovery by activation of heterologous TRPML1
was also Ca2�-dependent because BAPTA-AM pretreatment
remarkably slowed down the recovery (Fig. 2, D–F). In addition,
ML-SA1 promoted the recovery of enlarged lysosomes in a
dose-dependent manner (Fig. 2G). Inversely, inhibiting TRPML1
with ML-SI1 (25 �M) (21) significantly reduced the recovery speed
of enlarged lysosomes after vacuolin-1 removal (Fig. 2, H–J).
Smaller vacuoles in cells with TRPML1 up-regulation could be
attributed to increased fission or decreased fusion. Because fusion
is Ca2�-dependent (7, 12), it is unlikely that TRPML1-mediated
Ca2� release causes decreased fusion. Supporting this, loss of
TRPML1 results in enlarged lysosomes (10). Altogether, our data
suggest that TRPML1 may regulate lysosome fission.

Activation of TRPML1 reduces enlarged lysosomes induced by
P2X4 up-regulation

Recently, we have shown that alkalization of lysosomes by
methylamine (MA, 10 mM) increases the lysosome size by facil-
itating P2X4 activity (12). Therefore, we adopted this model to
further study the role of TRPML1 in the control of lysosome
size. As shown in Fig. 3A, enlarged lysosomes (�2 �M) induced

Figure 1. TRPML1 up-regulation antagonizes lysosome enlargement induced by vacuolin-1. A, vacuolin-1 (1 �M, 2 h) induced enlarged lysosomes that
were labeled with Lamp1-GFP in Cos1 cells. TRPML1-GFP overexpression or ML-SA1 (15 �M) treatment significantly prevented vacuolin-1 from inducing
lysosome enlargement. B, histogram for lysosome size distributions under the conditions indicated. The data were pooled from 26 cells for each condition. C,
summary of percentage of cells containing enlarged lysosomes (at least three lysosomes of �4 �m in diameter) from three independent experiments. More
than 250 cells were counted for each experiment. The experiment was repeated three times, and representative fluorescence images are shown. The cells were
counted as described under “Experimental procedures.” Error bars represent S.D. NS, no significance; *, p � 0.05; **, p � 0.01.
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by MA in P2X4-expressing cells were dramatically suppressed
by TRPML1 overexpression. The percentage of P2X4-express-
ing cells with enlarged lysosomes (induced by MA) was
decreased from 79.00 � 2.64 to 30.00 � 2.66% by TRPML1
co-expression. In contract, co-expression of two-pore channel
2 (TPC2), a Na� release channel (37–39), and TRPML1-DDKK,
a non-conducting TRPML1 mutant (21), did not increase the
percentage of cells with enlarged lysosomes induced by MA in
P2X4-expressing cells (Fig. 3B), suggesting that lysosome size is
specifically controlled by TRPML1.

Next, we tested whether the enlargement of lysosomes in-
duced by activation of endogenous P2X4 could also be rescued
by TRPML1 up-regulation. Lysosomes were labeled with
Lamp1-GFP. MA-induced enlarged lysosomes were observed
in 35.33 � 6.81% Cos1 cells expressing Lamp1-GFP (Fig. 3C).
Overexpression of TRPML1 but not TRPML1-DDKK (Fig. 3D)
decreased the lysosome size induced by activation of endoge-
nous P2X4. The percentage of cells with enlarged lysosomes

was decreased to 6.67 � 3.06% by TRPML1 expression and to
7.67 � 5.51% by ML-SA1 treatment, respectively (Fig. 3C).

The pH-dependent regulation of P2X4 channel activity can be
eliminated by a H286A mutation (12, 40). We have shown that
Cos1 cells expressing rP2X4-H286A-GFP exhibit enlarged lyso-
somes in the absence of MA treatment (12). In agreement with the
data from cells expressing P2X4, enlarged lysosomes in cells
expressing rP2X4-H286A-GFP was reduced by either ML-SA1
treatment or TRPML1 expression, with a decrease in the percent-
age of cells with enlarged lysosomes from 69.67 � 4.04 to 22.67 �
6.81 and 19.00 � 3.11%, respectively (Fig. 3E). In contrast, co-ex-
pression of either TPC2 or TRPML1-DDKK did not decrease the
percentage of cells with enlarged lysosomes (data not shown).

Activation of TRPML1 potentiates the recovery of lysosomes
induced by P2X4 up-regulation

We also investigated the recovery of enlarged lysosomes
induced by MA in cells overexpressing P2X4. As shown in Fig.

Figure 2. Activation of TRPML1 enhances lysosome recovery from vacuolation induced by vacuolin-1. A, Lamp1-GFP-expressing Cos1 cells were treated
with vacuolin-1 for 4 h and then rinsed and supplied with fresh medium with or without ML-SA1 (15 �M). Images were taken at 0, 30, and 60 min after vacuolin-1
removal. ML-SA1 promoted enlarged lysosomes to restore normal size. B, Ca2� chelation with membrane-permeable BAPTA-AM (50 �M, co-application with
ML-SA1) abolished the effect of ML-SA1 on restoration of lysosome size. C and D, TRPML1-GFP-expressing Cos1 cells were treated as in A and B. E, percentage
of cells containing enlarged lysosomes during the time course of recovery after vacuolin-1 removal as in A–D. F, histogram summary of percentage of cells
containing enlarged lysosomes at 60 min of recovery from vacuolin-1 as in A–D. G, ML-SA1 promoted enlarged lysosome recovery in a dose-dependent
manner. Histograms represent the mean percentages of cells with enlarged lysosomes at 30 min after vacuolin-1 removal at different concentrations. H,
inhibiting TRPML1 with ML-SI1 (25 �M) significantly suppressed enlarged lysosome recovery when compared with controls from vacuolin-1 treatment. I,
percentage of cells containing enlarged lysosomes in time course of recovery in G. J, histogram summary of percentage of cells containing enlarged lysosomes
at 60 min of recovery from vacuolin-1 as in H. The experiment was repeated three times, and representative fluorescence images are shown. Error bars represent
S.D. NS, no significance; *, p � 0.05; **, p � 0.01.
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4 (A and B), the percentage of P2X4-expressing cells with
enlarged lysosomes was reduced from 69.33 � 3.79 to 41.00 �
2.65% after 90 min of MA removal. ML-SA1 treatment remark-
ably increased the recovery speed, and the percentage of cells
with enlarged lysosomes was reduced from 69.33 � 3.79 to
7.67 � 2.52% after 90 min of MA removal. This was reversed
by BAPTA-AM, in which the percentage of cells with
enlarged lysosomes returned to 36.33 � 3.51% (Fig. 4, A–C).
Consistently, ML-SA1 treatment reduced lysosome size in
cells expressing H286A-GFP, and this was eliminated by
BAPTA-AM (Fig. 4, D–F). The percentage of H286A-GFP-ex-
pressing cells with enlarged lysosomes was reduced from
69.35 � 4.04 to 20.67 � 3.79% by ML-SA1 treatment for 120
min, and BAPTA-AM reversed the percentage back to 55.33 �
8.50%.

TRPML1 deficiency leads to enlarged lysosomes and slower
recovery of enlarged lysosomes

By using electron microscopy, deficiency in TRPML1 has
been shown to cause enlarged lysosomes (10). In agreement

with this, more spontaneously enlarged lysosomes were
revealed in TRPML1-deficient (ML4) human fibroblasts than
in wild-type fibroblasts under confocal microscope. Enlarged
lysosomes (�2 �m) were observed in only 0.33 � 0.58% of
wild-type cells but in 16.33 � 6.11% of ML4 cells (Fig. 5, A and
B). Vacuolin-1 treatment for 3 h dramatically increased the per-
centage of cells with enlarged lysosomes, with 41.33 � 15.31%
in wild-type cells but 91.33 � 3.51% in ML4 cells (Fig. 5, A and
C). Further increasing the treatment time of vacuolin-1 to 6 h
caused similar percentages of cells with enlarged lysosomes in
both wild-type and ML4 cells (91.00 � 3.61% in wild-type cells
and 94.00 � 2.10% in ML4 cells, respectively; Fig. 5, A and D).
This allows us to further investigate whether TRPML1 is
required for the recovery of enlarged lysosomes in both wild-
type and ML4 cells. Both wild-type and ML4 cells were first
treated with vacuolin-1 for 6 h to induce similar sizes of
enlarged lysosomes, and then the percentage of cells with
enlarged lysosomes was compared at 6 h after vacuolin-1
removal. Notably, the percentage of cells with enlarged lyso-
somes after 6 h of recovery was reduced to 6.00 � 4.58% in

Figure 3. TRPML1 up-regulation abolished lysosome enlargement induced by MA in Cos1 cells expressing P2X4-GFP. A, MA (10 mM)-induced lysosome
enlargement in P2X4-GFP-expressing Cos1 cells was inhibited by TRPML1-mCherry co-expression. A summary of percentage of cells containing enlarged
lysosomes is shown on the right. B, TPC2 or TRPML1-DDKK does not inhibit MA-induced lysosome enlargement in P2X4-GFP-expressing Cos1 cells. The
histogram of lysosome size distributions shows that enlarged lysosomes induced by MA in P2X4-expressing cells were not inhibited by co-expression of TPC2,
a Na� release channel, or TRPML1-DDKK, a non-conducting TRPML1 mutant. The data were pooled from 21 cells. C, activation of endogenous P2X4 by MA
resulted in enlarged lysosomes that were labeled with Lamp1-GFP. Either activating TRPML1 with ML-SA1 or TRPML1 overexpression prevented MA from
inducing enlarged lysosomes. A summary of percentage of cells containing enlarged lysosomes is shown on the right. D, TRPML1-DDKK cannot prevent
MA-induced lysosome enlargement in Lamp1-GFP-expressing Cos1 cells. The histogram of lysosome size distributions shows that ML-SA1 (15 �M) or TRPML1
overexpression but not TRPML1-DDKK inhibited the enlarged lysosomes induced by MA in Lamp1-GFP-expressing cells. The data were pooled from 20 cells.
E, ML-SA1 treatment or TRPML1-mCherry expression eliminated enlarged lysosomes in Cos1 cells expressing P2X4-H286A-GFP (pH insensitive gain-of-function
mutant of P2X4). A summary of percentage of cells containing enlarged lysosomes is shown on the right. The experiment was repeated three times, and
representative fluorescence images are shown. The cells were counted as described under “Experimental procedures.” Error bars represent S.D. NS, no
significance; *, p � 0.05; **, p � 0.01.
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wild-type cells but to only 79.33 � 7.02% in ML4 cells (Fig. 5E).
Additionally, the enlarged lysosomes in ML4 cells were rescued
by TRPML1 overexpression (Fig. 5, A–E). Taken together, our
data suggest that TRPML1 may be required for lysosome
fission.

TRPML1 modulates lysosome size via regulating CaM

Both TRPML1 and P2X4 are Ca2�-permeable channels
located in the lysosomal membrane. How lysosomes differenti-
ate the two Ca2� release processes and respond with opposite
consequences remains a fascinating question. One possibility is
that the fission and fusion machineries utilize different Ca2�

sensors. Currently, three Ca2�-binding proteins, CaM (6, 41),
synaptotagmin VII (Syt VII) (42), and ALG-2 (43) have been
proposed to function as Ca2� sensors that regulate intracellular
membrane trafficking. We have shown that CaM but not Syt
VII and ALG-2 senses the Ca2� released via P2X4 to initiate
lysosomal fusion (12). It remains to be determined which Ca2�

sensor is involved in TRPML1-mediated fission. Given that
ALG-2 (43, 44) but not Syt VII (Fig. 6A) binds to TRPML1 and
regulates its effect on lysosome trafficking, we tested whether
ALG-2 regulates lysosome size. We found that deleting ALG-2
using CRISPR/Cas9 strategy (12) (Fig. 6, B and C) had no effect

on enlarged lysosome recovery. To further test whether ALG-2
was involved in TRPML1-mediated fission, we applied ML-SA1
during the recovery phase. ALG-2 deletion (Fig. 6, D and E) did
not significantly suppress the facilitating effect of ML-SA1 on
lysosome recovery. Altogether, these data suggest that ALG-2
may not contribute to TRPML1-mediated fission.

Interestingly, inhibiting CaM with W7 (3 mM) prevented
vacuolin-1 induced enlarged lysosomes from recovery. The
facilitation of enlarged lysosome recovery by activating
TRPML1 with ML-SA1 was also inhibited by suppressing W7
(Fig. 7, A and B). These data suggest that CaM may be required
for TRPML1-mediated lysosome fission. Supporting this, a
stronger association between TRPML1 and CaM during
enlarged lysosome recovery was revealed, as compared with
normal or vacuolin-1 treatment condition. This was suppressed
by either ML-SI1 or BAPTA-AM (Fig. 7C). These data suggest
that during enlarged lysosome recovery TRPML1 may be acti-
vated to release Ca2�, thereby increasing its association with
CaM. Consistently, activating TRPML1 using ML-SA1 also
increased the association between TRPML1 and CaM, and this
was inhibited by BAPTA-AM (Fig. 7C). As a control, the asso-
ciation between P2X4 and CaM was not increased during
enlarged lysosome recovery (Fig. 7D). Taken together, our data

Figure 4. TRPML1 activation enhances lysosome recovery from vacuolation induced by MA in Cos1 cells expressing P2X4-GFP. A, P2X4-GFP-expressing
Cos1 cells were treated with MA for 2 h and then rinsed and supplied with fresh medium with or without ML-SA1 (15 �M). Images were taken at 0, 60, and 90
min of recovery. ML-SA1 promoted enlarged lysosome recovery, and this was abolished by co-applying BAPTA-AM. B, percentage of cells containing enlarged
lysosomes (�2 �m in diameter) in time course of recovery as in A. C, percentage of cells containing enlarged lysosomes at 90 min of recovery from MA. D,
ML-SA1 treatment reduced enlarged lysosomes in Cos1 cells expressing P2X4-H286A-GFP, and this was inhibited by BAPTA-AM. E, percentage of cells
containing enlarged lysosomes in time course of ML-SA1 treatment. F, percentage of cells containing enlarged at 120 min of ML-SA1 treatment. The experi-
ment was repeated three times, and representative fluorescence images are shown. The cells were counted as described under “Experimental procedures.”
Error bars represent S.D. NS, no significance; *, p � 0.05; **, p � 0.01.

TRPML1 activates calmodulin to control lysosome fission

8428 J. Biol. Chem. (2017) 292(20) 8424 –8435



suggest that TRPML1 activation may increase lysosome fission
by activating CaM.

Discussion

Intracellular lysosomal membrane trafficking, including
fusion and fission, is an important cellular process. Compared
with the fusion process, very limited information is available for
lysosomal membrane fission. Recent studies have shown that
Ca2� release via lysosomal P2X4 activates CaM to trigger lyso-
some fusion (12). However, the molecular identities of the Ca2�

release channel and the Ca2� sensor(s) controlling lysosome

fission remain unclear. By using different methods, including
lysosome-patch-clamping (14, 15), Fura-2-based Ca2� imaging
(17–19), genetic-encoded Ca2� sensors (GCamp-TRPML1 (17,
20) or GECO-TRPML1 (21)), and lipid bilayers (25–28),
TRPML1 has been demonstrated to be a Ca2�-permeable
channel in the lysosome. In this study, we investigated the role
of TRPML1 in the regulation of lysosome size. We found that
an increase in TRPML1 activity promoted enlarged lysosome
recovery, suggesting a role of TRPML1 in lysosome fission. In
agreement with the results above, TRPML1-deficient cells
displayed enlarged lysosomes, and the recovery of enlarged

Figure 5. TRPML1-deficient human skin fibroblasts show enlarged lysosomes. A, TRPML1�/� (ML4) fibroblasts (GM02629) showed significantly enlarged
lysosomes, either at rest (first row), upon vacuolin-1 (3 h) (second row), upon vacuolin-1 (6 h) (third row), or at 6 h during recovery from vacuolin-1 (fourth row),
compared with wild-type human skin fibroblasts (GM00969). The experiment was repeated three times, and representative differential interference contrast
images from confocal are shown. TRPML1 overexpression rescued the enlarged lysosomes in ML4 cells. B, statistics analysis of spontaneous enlarged lysosomes
in wild-type and ML4 fibroblasts. Left panel, histogram of lysosome size distributions pooled from 16 fibroblasts; right panel, summary of percentage of cells
containing enlarged lysosomes �2 �m in diameter (in parallel with first row in A). C, statistics analysis of enlarged lysosomes induced by 3 h of vacuolin-1 (1 �M)
treatment (in parallel with the second row in A). D, statistics analysis of enlarged lysosomes induced by 6 h of vacuolin-1 treatment. 6 h of vacuolin-1 induced
a comparable lysosome enlargement between wild-type and ML4 fibroblasts (in parallel with the third row in A). E, percentage of cells containing enlarged
lysosomes at 6 h during recovery from vacuolin-1 for 6 h (in parallel with fourth row in A). After 6 h of vacuolin-1 treatment, fibroblasts were rinsed with fresh
warm medium three times and then incubated in fresh medium to allow cells recovering for another 6 h. The experiment was repeated three times indepen-
dently, and cells were counted as described under “Experimental procedures.” Error bars represent S.D. NS, no significance; *, p � 0.05; **, p � 0.01.
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lysosomes was slower in TRPML1 mutant cells after vacuolin-1
removal. Furthermore, we showed that TRPML1 strongly asso-
ciated with CaM during enlarged lysosome recovery, and the
regulation of lysosome size by TRPML1 was dependent on both
Ca2� and CaM. Our data suggest that TRPML1 activation may
promote lysosome fission by activating CaM. Given that lyso-
some fission is implicated in lysosome biogenesis and reforma-
tion (7, 45), this finding suggests that TRPML1 may function as
the key lysosomal Ca2� channel regulating autophagic lyso-
some reformation4 (44, 45) or lysosome biogenesis (7, 30, 32). In
general, our results are in agreement with previous reports,
including that 1) TRPML1-null mutant cells display enlarged
lysosomes and defects in lysosome biogenesis (10, 29, 30, 32);
and 2) an increase in PI(3,5)P2, an endogenous agonist of

TRPML1, promotes vacuole fission (33), whereas the deficiency
in PI(3,5)P2 causes vacuole enlargement in both yeast (33, 34)
and mammalian cells (14).

Because TRPML1 is a nonselective cation channel that per-
meates Ca2�, Na�, and other cations (15), we cannot exclude
the possible contribution of Na� and other cations in regulating
lysosome fission. In particular, earlier studies suggest that
TRPML1 functions as a lysosomal H� channel (46, 47). How-
ever, the contribution of other cations might be minimal
because: 1) TRPML1 regulating lysosome fission was compro-
mised by Ca2� chelator BAPTA-AM (Fig. 2, E and F), 2) the
lysosomal Na� channel TPC2 (37–39) had no effect on lyso-
somal fission (Fig. 3B), 3) the recovery of enlarged lysosomes
was strongly suppressed by inhibiting the prototypical Ca2�

sensor CaM (Fig. 7), 4) lysosomal lumen accumulates mainly
Na� and Ca2� (37, 48), 5) lysosomal membrane biogenesis and4 Q. Cao, Y. Yang, X. Z. Zhong, and X.-P. Dong, unpublished data.

Figure 6. ALG-2 and Syt VII are not involved in the effect of TRPML1 in lysosome size control. A, ALG-2 but not Syt VII interacts with TRPML1. HEK293T cells
were transfected with TRPML1-GFP. The cells were lysed by adding 0.5% Triton X-100. The samples were immunoprecipitated with protein A/G-anti-GFP and
blotted with anti-ALG-2 and anti-Syt VII. A weaker association between TRPML1 and ALG-2 was detected under vacuolin-1 (1 �M, 2 h) treatment or during
lysosome recovery from vacuolin-1 treatment. No interaction between TRPML1 and Syt VII was detected under all three conditions. B–E, ALG-2 is not involved
in TRPML1-mediated lysosome fission. B and C, HEK-293T cells were transiently transfected with Lamp1-mCherry, co-transfected with or without ALG-2-KO.
Ablating ALG-2 using CRISPR/Cas9 strategy in HEK293T cells had no effect on enlarged lysosome recovery. The data for vacuole size distribution was pooled
from 20 cells for each condition. A summary of the percentage of cells containing enlarged lysosomes (at least three lysosomes of �2 �m in diameter) from
three independent experiments is shown, and �250 cells were counted for each experiment. D and E, the effect of ML-SA1 on enlarged lysosome recovery was
not affected by ALG-2 deletion in HEK293T cells. The data for vacuole size distribution was pooled from 20 cells for each condition. A summary of the
percentage of cells containing enlarged lysosomes (at least three lysosomes of �2 �m in diameter) from three independent experiments is shown, and �250
cells were counted for each experiment. IB, immunoblot.
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reformation are dependent on lysosomal Ca2� (5, 7, 20, 30 –32),
and 6) later studies demonstrate that TRPML1 is not a H�-per-
meable channel (15, 49 –51).

In this study, Lamp1 GFP is used as a marker to detect lyso-
some size. Lamp1-GFP overexpression could be misdirected to
other cellular organelles such as endosomes, or TRPML1 may
regulate lysosome size by affecting endosome-lysosome fusion.
However, because TRPML1 deficiency only causes defect in the
late endocytic pathways (10, 29), because reducing TRPML1

levels results in a delay and not a block in the transport events
(52), and because vacuolin-1 induced vacuoles are derived from
early endosomes and lysosomes by homotypic fusion (53), it is
unlikely that TRPML1 regulates lysosome size by affecting
endosome-lysosome fusion. In accord, neither down-regulat-
ing (TRPML1�/� and ML-SI1) nor up-regulating (ML-SA1)
TRPML1 had an effect on early endosome size, although lyso-
some size was altered by regulating TRPML1 (supplemental
Fig. S1). Consistent with previous studies (53), vacuolin-1

Figure 7. CaM in involved in the effect of TRPML1 in lysosome size control. A, lysosomes were enlarged by vacuolin-1, and then vacuolin-1 was removed
to allow cells to recover for 1 h. ML-SA1 facilitated the recovery of enlarged lysosomes, which was inhibited by CaM inhibitor W7 (3 �M). B, histogram for
lysosome size distributions pooled from 20 cells, and summary of percentage of cells containing enlarged lysosomes �4 �m in diameter. The experiment was
repeated three times, and the cells were counted as described under “Experimental procedures.” Error bars represent S.D. NS, no significance; *, p � 0.05; **, p �
0.01. C, in HEK293T cells, a stronger association between TRPML1 and CaM during lysosome recovery from vacuolin-1 treatment (1 �M, 2 h) as compared with
cells under vacuolin-1 treatment. This was abolished by either ML-SI1 or BAPTA-AM. Activation of TRPML1 by ML-SA1 also increased the association between
TRPML1 and CaM, and this was inhibited by BAPTA-AM. D, the association between P2X4 and CaM was not significantly changed during the recovery of
enlarged lysosome in HEK293T cells transfected with P2X4-GFP. IB, immunoblot; IP, immunoprecipitation.
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enlarged both early endosomes and lysosomes. In the presence
of vacuolin-1, TRPML1 regulated lysosome size but not early
endosome size (supplemental Fig. S1). Therefore, TRPML1
specifically regulates lysosome size.

Both TRPML1 and P2X4 are Ca2�-permeable channels in
lysosomes. How the lysosome differentiates the two Ca2�-re-
lease processes with opposite responses remains an interesting
question. Particularly, it is intriguing how two different Ca2�

channels use the same Ca2� sensor, CaM, to regulate two oppo-
site events. One possibility is that the conditions favoring their
activation are distinct. TRPML1 is activated by acidic pH (15),
whereas P2X4 is activated by alkaline pH in the lumen (12, 54).
We speculate that possibly segregated subdomains responsible
for fusion and fission exist on the lysosomal membrane. The
“fusion subdomain” may be enriched of P2X4, whereas the “fis-
sion subdomain” may contain abundant TRPML1. During lys-
osome fission, V-ATPase may be recruited to the fission sub-
domain, which may cause a decrease of the local pH and in turn
enhance Ca2� release through TRPML1 to activate CaM (55)
and trigger fission. For fusion, the V-ATPase may be removed
from the fusion subdomain, leading to an increase of the local
pH and a consequent activation of P2X4, which signals through
CaM to initiate fusion. Supporting the subdomain model, pre-
vious studies have suggested that fusion requires the physical
presence of the membrane sector (V0) of the vacuolar H�-
ATPase, but not its pump activity. Lysosome fission, in con-
trast, depends on H� translocation by the V-ATPase (56, 57).
This is also supported by our unpublished observations4 that no
single channel activity has been detected in lysosome-attached,
luminal-side-out, and cytosol-side-out patches, although such
an activity has been measured on the plasma membrane (58,
59). This indicates that these channels are clustered on the
lysosomal membrane. Unfortunately, because of the spatial
resolution limit of light microscopy (�0.2 �m), it is impos-
sible for us to experimentally demonstrate this using confo-
cal microscopy. The delicate balance between P2X4/fusion
and TRPML1/fission should be an interesting topic for fur-
ther investigation.

It is unclear why CaM associates with TRPML1 during
enlarged lysosome recovery but associates with P2X4 during
vacuolin-1 treatment that induces lysosome fusion. Given that
vacuolin-1 alkalinizes lysosomal pH (60) and P2X4 is activated
by an increase in lysosomal pH (61), we would reason that vacu-
olin-1 promotes P2X4 activity via alkalinizing lysosomes,
thereby increasing its association with CaM (Fig. 7D) (12). Con-
versely, during vacuolin-1 removal, V-ATPase activity may
be increased to reacidify lysosomes. This leads to elevated
TRPML1 activity and its association with CaM (Fig. 7C).

Finally, TPC2 has also been implicated in lysosomal Ca2�

release in response to nicotinic acid adenine dinucleotide phos-
phate (8, 9, 37–39, 62–71). However, we did not observe an
effect of TPC2 in regulating lysosome fission. Previous studies
even showed that TPC2 overexpression enlarged lysosomes
in Cos1 cells (37). Potentially, TPC2-mediated Na� release
may rapidly depolarize endolysosomal membranes to facili-
tate membrane fusion (37).

Experimental procedures

Cell culture

Cos1 and HEK293T cells were obtained from ATCC (Manas-
sas, VA) and maintained in Dulbecco’s modified Eagle’s
medium/nutrient mixture F-12 (DMEM/F12) supplemented
with 10% FBS (Invitrogen). The cells were cultured at 37 °C
in a 5% CO2 atmosphere. Wild-type human skin fibroblasts
(GM00969) and ML4 fibroblasts (GM02629) were obtained
from Coriell Institute and maintained in DMEM supplemented
with 10% FBS. For some experiments, cells were seeded on 0.1%
polylysine-coated coverslips and cultured for 24 h before fur-
ther experiments. Cells from passage numbers 5–25 were used
for subsequent assays.

Antibodies and reagents

The antibodies used for Western blotting were rabbit anti-
CaM (1:2000; Abcam) and mouse anti-GFP (1:1000; Thermo
Scientific). HRP-conjugated goat anti-rabbit and goat anti-
mouse antibodies were purchased from Thermo Fisher Scien-
tific and Bio-Rad Laboratories, Inc., and used at 1:5,000 and
1:10,000 dilutions, respectively.

The following chemicals were used in the present study:
Texas Red 10-kDa dextran (Invitrogen; 1 mg/ml) used to label
late endosomes and lysosomes; MA (10 mM, pH adjusted to 7.4
with HCl; Sigma); bafilomycin A1 (200 nM; Tocris Bioscience,
Bristol, UK); vacuolin-1 (1 �M; Santa Cruz Biotechnology, Inc.);
W7 (3 �M; Sigma); BAPTA-AM (10 �M; Invitrogen); ML-SA1
(15 �M; Tocris Bioscience); and ML-SI1 (15 �M. Enzo Life Sci-
ences Inc.).

Confocal microscopy

Confocal fluorescent images were taken using an inverted
Zeiss LSM510 Axiovert 200Ms confocal microscope with a 40	
or 63	 oil-immersion objective at room temperature. Sequen-
tial excitation wavelengths at 488 and 543 nm were provided by
argon and helium-neon gas lasers, respectively. Emission filters
BP515-565 and LP590 were used for collecting green and red
images in channels 1 and 2, respectively. After sequential exci-
tation, green and red fluorescent images of the same cell were
saved with ZEN2012 software. The images were analyzed by
Zeiss software. The term co-localization refers to the coinci-
dent detection of above-background green and red fluorescent
signals in the same region.

Molecular biology and biochemistry

Rat P2X4 receptor with enhanced GFP fused to the C termi-
nus (rP2X4-GFP). Briefly, for rP2X4-GFP, the rat P2X4 cDNA
was amplified by polymerase chain reaction using oligonucleo-
tide primers to introduce a Kozak initiation sequence (73),
remove the stop codon, and introduce NheI and SacII sites at
the 5� and 3� ends, respectively. Amplification products were
then cloned into the pEGFP-N1 vector (Addgene, Cambridge,
MA). The transgene length is 1164 bp. The H286A point muta-
tions were made using a site-directed mutagenesis kit (Qiagen).
The sequences of all amplified regions were verified using auto-
mated DNA sequencing (GENEWIZ, South Plainfield, NJ).
Full-length mouse TRPML1 was cloned into the EGFP-C2
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(Clontech) or mCherry vector (14). TRPML1 non-conducting
pore mutant (D471K/D472K; abbreviated TRPML1-DDKK) was
constructed using a site-directed mutagenesis kit (Qiagen).
Cloning sites are Nod1 at both 5� and 3� ends. The dominant-
negative form was generated by introducing D172N and
D303N point mutations. Cos1 cells were transiently transfected
using Lipofectamine 2000 or 3000 (Invitrogen), which usually
reach �85% transfection efficiency.

Immunoprecipitation and Western blotting

Cell lysates (2–5 mg/ml) were incubated with 80 �l of 50%
protein A/G-agarose beads in PBS for 15 min at 4 °C to reduce
background proteins that non-specifically bound to the beads.
After centrifugation at 12,000 	 g for 15 min to remove the
beads, aliquots of cell lysates (1–2 mg of protein) were incu-
bated with the desired antibodies (3– 4 �g) or control IgG at
4 °C overnight in a final volume of 1 ml of radioimmune precip-
itation assay radioimmune precipitation assay-PBS buffer with
constant rocking. After antibody incubation, protein A/G-aga-
rose beads were added, and the samples were incubated at 4 °C
for 4 h, followed by centrifugation at 1,500 rpm for 10 min at
4 °C. The beads were then washed three times with precooled
radioimmune precipitation assay without proteinase inhibitors
and each time were centrifuged at 1,500 rpm for 10 min at 4 °C.
Immune complexes were resolved by SDS-PAGE and subjected
to immunoblotting. Proteins were analyzed by standard blot
Western analysis methods.

Vacuole assay

Cos1 cells were transiently transfected with desired cDNAs.
Non-transfected cells or cells transfected with Lamp1 were
used as controls. At 24 h after transfection, the cells on cover-
slips were treated with various chemicals as indicated. After the
treatment, they were rinsed and fixed with 4% paraformalde-
hyde and were mounted to glass slides with coverslips and
viewed immediately. All images were taken using a Zeiss
Meta510 confocal microscope. Normally, the majority of late
endosomes and lysosomes have sizes with diameters less than
0.5 �m, which are hard to resolve with light microscopy. For
quantification, the cells were counted as vacuolated if there
were more than three enlarged (�2 �m or �4 �m in diameter)
cytoplasmic vacuoles, with the vacuole sizes determined using
the ZEN 2012 program. The percentage of vacuolated cells in
each experiment was calculated from counting at least 250
cells from randomly chosen fields, and the experiments were
repeated three times (n 
 3).

Knock-out of ALG-2 using CRISPR-Cas9 system

The operation followed detailed instructions of the pub-
lished protocol (72). In brief, 20-bp target single-guide RNA
sequences were obtained by screening ALG-2 mRNA with
CRISPR DESIGN online software, and two sequences were
chosen: GCTGCCTACTCCTACCGCCC (target 1) and TGT-
CTTCCGGACCTACGACA (target 2). After being annealed
with their reverse complementary sequences, the short double-
strand DNAs (hereafter named gDNA) were ligated with BbsI-
digested pX330 –2A-GFP, and the new constructs were named
pX330 –2A-GFP/ALG-2 gDNA1 and 2, respectively (12).

Data analysis

The data are presented as means � S.D. Statistical compari-
sons were made using analysis of variance and Student’s t test. p
values of � 0.05 were considered statistically significant. *, p �
0.05; **, p � 0.01.
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